An original homogenization method was used to analyze the nonlinear elastic properties of epithelial cells probed by magnetic twisting cytometry. In this approach, the apparent rigidity of a cell with nonlinear mechanical properties is deduced from the mechanical response of the entire population of adherent cells. The proposed hyperelastic cell model successfully accounts for the variability in probe-cell geometrical features, and the influ-
Introduction
In living tissues, cells are exposed to a variety of mechanical stresses and strains related to their environment ͑e.g., motion, osmotic pressure, fluid flow, gravity, and cell and/or matrix interactions͒. In addition to withstanding stress by resisting deformation, living cells sense their mechanical environment and respond to its changes in a variety of ways ͓1-4͔. Thus, depending on both their underlying function and their microenvironment, cells exhibit a specific response to mechanical stresses that probably depends on local mechanical properties. Cells may adapt to external loads by increasing their apparent rigidity in response to rising strain, a phenomenon known as strain hardening ͓5-8͔. There are two main sources of strain hardening. One is an active response of the cell to mechanical stimuli ͑e.g., strengthening of focal adhesion sites after immobilization of integrin-attached beads by optical traps ͓9͔, cytoskeletal remodeling after exposure to fluid shear flow ͓10͔, and contractile activation of cells that are compressed or stretched between microplates ͓11͔͒. The other source of strain hardening is the passive response reported by and more recently by our group ͓16 -18͔. These two sources of strain hardening should be distinguished from each other, as the underlying process and the response kinetics are not the same. Passive strain hardening is chiefly an instantaneous response, whereas active strain hardening develops only several seconds to hours after the onset of mechanical stimulation. The strain hardening investigated in the present study corresponds mainly to the passive process. However, in terms of control of cellular function, both the active and the passive responses must be taken into consideration, as both contribute to cell signaling.
The diversity of intracellular components and extracellular conditions is a major obstacle to quantification of the respective contributions of passive versus active strain ͑or stress͒ hardening mechanisms. Cell cultures under controlled conditions can be probed using micromanipulation techniques including micropipette aspiration ͑MA͒ ͓10,19͔, magnetic twisting cytometry ͑MTC͒ ͓12,13,20-24͔, microplates ͑MP͒ ͓25͔, optical tweezers ͑OT͒ ͓26 -29͔, magnetic tweezers ͑MT͒ ͓30,31͔, or atomic force microscopy ͑AFM͒ ͓32,33͔. Among these techniques, some provide an estimate averaged over a large number of cells ͓MTC by projected bead magnetic moment ͑PBM-MTC͒ and MT͔, whereas others give information on single cells ͑OT, MA, MP, MT, and AFM͒; then, results of micromanipulation studies cannot readily be pieced together into a coherent whole.
To generate a unified concept of cellular mechanical properties, the results of micromanipulation studies must be analyzed via theoretical models that describe the constitutive stress-strain relationship. A wide range of cellular models has been proposed, from one-dimensional, rheological models based on spring and dashpot associations ͓13,34,35͔ to tensegrity structures ͓3,36 -39͔ and 3D continuum models ͓40-42͔. These last are based on the assumption that the cellular medium is a continuum. In the present study, we used this assumption because PBM-MTC experiments produce results averaged over an entire cell culture, which is assumed to behave like a homogenized continuum. Thus, despite the variability within and across cells, the heterogeneous behavior of a confluent cell monolayer is smoothed, so that the intrinsically heterogeneous cell culture is converted to a homogeneous medium.
Based on the response of the homogenized cellular medium ͑e.g., of an alveolar epithelial cell monolayer͒ reflected by the numerous twisted magnetic beads in a PBM-MTC experiment ͓43͔, we developed a three-dimensional finite element model of the cell-bead elementary structure that does not exclude nonlinear behavior of the cellular material. Rather than the isolated cell, the model takes into account the range of cell-bead, cell-matrix, and cell-cell interfaces ͑mainly continuous͒ that characterize a confluent cell culture. The material parameters of the hyperelastic cellular model were adjusted by reference to the ''bead rotationmagnetic torque'' relationships obtained by PBM-MTC examination of living epithelial alveolar cells cultured on a coated rigid substrate and subjected to transient bead twisting ͓17͔. In addition, the sensitivity of these bead rotation-magnetic torque relationships to the material parameters characterizing the nonlinear cell response was analyzed. Then, we explored the influence of geometrical parameters ͑e.g., bead diameters, bead embedding, and cell thickness͒ and of changes in boundary conditions corresponding to a spatially continuous but nonhomogeneous cell-substrate interface on the cellular response to bead-related external forces. Our extensive linear and nonlinear analyses shed new light on the considerable variability of cellular elastic modulus data reported in the literature and on the limitations of a mechanical characterization of cells relying only on linear elasticity analysis.
Methods

Experimental Data
2.1.1 Cell Culture. A549 human alveolar epithelial cells ͑ATCC, Rockville, MD͒ were grown to confluence in Dulbecco's Modified Eagle's Medium containing 10% fetal bovine serum, 2 mM L-glutamine, 50 IU/ml penicillin, and 50 g/ml streptomycin and incubated in a 5% CO 2 -95% air atmosphere. Cells were plated at a density of 5ϫ10 4 per well in 96-well bacteriologic dishes coated with collagen type I; they were cultured in complete Table 1… in a plane running through the center of the bead and perpendicular to the substrate. This cross section was obtained from a 3D reconstruction of confocal images performed after staining F-actin with fluorescent phalloidin. The bead-embedding half-angle ␣ is estimated as the mean of the two bead-embedding half-angles ␣ 1 and ␣ 2 , and h u is the measured cell thickness under the bead. Scaling is given by the bead diameter, i.e., 3.2 m. medium with serum for 24 h before the experiments, then incubated in serum-free medium with 1% of bovine serum albumin for 30 min before the PBM-MTC experiments.
Projected Bead Magnetic Moment-Magnetic Twisting Cytometry (PBM-MTC).
The mechanical response of adherent alveolar epithelial cell lines ͑A 549͒ was assessed by PBM-MTC using an in-house device extensively described by Laurent et al. ͓17͔ . The PBM-MTC method was first described by Wang et al. ͓12͔ and then tested extensively ͓13,14͔. Briefly, carboxyl ferromagnetic beads ͑ϳ4.5 m diameter, Spherotec Inc., IL͒ were coated with arginine-glycine-aspartic acid ͑RGD͒ peptide as recommended by the manufacturer ͑Telios Pharmaceuticals Inc., CA͒ to allow binding to integrin transmembrane mechanoreceptors. The beads were then magnetized in the plane of the culture using a brief, high-magnitude, uniform magnetic pulse ͑0.15 T for 150 s͒. Magnetic torque was then applied by means of a uniform magnetic field. This resulted in bead rotation, of which the mean angle was obtained from the change in projected bead magnetic moment ͑continuously measured by a magnetometer͒ occurring between the reference state B 0 and the equilibrium state B eq . The bead rotation angle reflects cytoskeleton resistance to the imposed deformation. This method provides the average bead rotation angle of 10 5 beads bound to about 5ϫ10 4 adherent cells for predetermined applied magnetic torques varying in the range 444 -1205 pN•m at quasi-equilibrium state ͓17͔ and corresponding to 624 -1824 pN•m before any bead rotation. A problem with PBM-MTC shown by Fabry et al. ͓22͔ is that unattached beads rotating freely in the culture medium tend to have a larger weight than firmly attached beads. This is due to the nonlinearity of the arc cosine function required to convert the change in mean projected magnetic moment into the average bead deviation ͓e.g., ϭarcos(B 0 /B eq ); see Ref.
͓17͔͔.
The procedure used to attach the beads to cultured cells involved adding the beads to the cells for 30 min at 37°C in a 5% CO 2 -95% air incubator, then washing away the unbound beads with serum-free culture medium containing 1% bovine serum albumin. In agreement with the standard protocol, we used three successive washings to make sure that all unbound beads were eliminated from culture wells. Experiments on 20 wells with cultured epithelial cells showed that neither repeated washing nor bead twisting significantly affected the remnant field B 0 or the rigidity measurements.
3D Reconstruction of the Cellular Volume.
The cellular domain was reconstructed after fixing and staining the F-actin cytoskeleton by fluorescent rhodaminated phalloidin ͓44͔. Cells were examined by laser confocal microscopy ͓Fig. 1͑A͔͒ using an LSM 410 inverse-phase microscope ͑Zeiss, Rueil-Malmaison, France͒. Images were processed using the LSM 410 software. Optical cross sections were recorded at 0.25-m intervals to reveal intracellular fluorescence. Before 3D reconstruction, the stack of gray-level images ͑8 bits͒ was subjected to a deconvolution procedure to correct the distortion caused by the optical system of the confocal microscope. Fixed-image scaling and cell-contour extraction by threshold segmentation were performed using AMIRA 2.3 software ͑TGS Inc., CA͒. Then, 3D reconstruction ͓Figs. 1͑B͒-͑C͔͒ was achieved using an AMIRA software module ͑generalized marching cube algorithm͒ that uses a triangulation method to generate an iso-surface from segmented optical planes. The 3D-reconstructed cells were visualized using 3D-studio MAX 3.1 software ͑Kinetix, CA͒.
Relevant Geometrical Parameters of Studied Cells.
To achieve spatial reconstruction of bead location within the cell, we used a sphere whose size and location were precisely determined, either during or after confocal microscopy acquisition ͑Fig. 1͒. Three geometrical parameters were measured to characterize the studied cellular domain ͓Fig. 1͑C͔͒: ͑i͒ the bead radius R; ͑ii͒ the embedding half-angle ␣ estimated as half the sum of the two embedding half-angles ␣ 1 and ␣ 2 determined in the bead rotation plane as described in Laurent et al. ͓17͔;  and ͑iii͒ the distance between the bead bottom and the rigid substrate h u . Note that the cell thickness h is related to h u by the relationship hϭh u ϩR(1 Ϫcos ␣). These three parameters were measured in a sample of 25 representative images of the bead-cellular structure. 
Homogenization Approach and Finite Element
Analysis. The bead rotations induced by increasing values of magnetic torque were computed using a finite element approach ͑ANSYS 5.7 software, Ansys, Inc., Cannonsburg, PA͒. We refined our numerical analysis by taking into account the gradual increase in the bead-cellular medium contact area that occurs as bead rotation increases. We defined and meshed with specific elements two potential contact surfaces, using the ''rigid-to-flexible'' elements in the ANSYS software. The bead surface was treated as rigid since it was far stiffer than the deformable cell. We used the augmented Lagrangian method as the contact algorithm for our study. This method computes the additional nodal forces that prevent penetration of the solid bead into the cell components. Two analyses were performed: one took into account the bead-cell contact that occurred during bead rotation, whereas the second did not.
Model Geometry.
MTC experiments were performed at a cellular density of 1560 cells/mm 2 with a bead density of two beads/cell ͓17͔. Assuming uniform distributions of cells and beads, the homogenization technique allowed us to define a representative cellular volume element ͑RCVE͒ from the square of the basal side length a, which was 17.90 m. Each cell was represented by two juxtaposed RCVEs, of which each contained a single bead and had a volume of aϫaϫh. Mean cellular thickness ͑h͒ was 3.66 m ͑Table 1͒, so that the cellular volume representative of our experiments was 2345.4 m 3 . Schneider et al. ͓45͔ found a similar value ͑2500Ϯ300 m 3 ͒ for kidney epithelial cells from dogs. By definition, the RCVE scales the cellular medium; therefore, multiple duplications of the RCVE can be used to generate the cell monolayer. The RCVE concept requires periodic boundary conditions. This concept appears highly appropriate to micromanipulation experiments performed on a large number of confluent cells, as in our PBM-MTC experiments. We used the plane of symmetry passing through the bead center to restrict our analysis to half the RCVE ͑Fig. 2͒. RCVE geometry is fully characterized by the four geometrical parameters R, ␣, h, and a.
Boundary Conditions.
The boundary conditions were defined on half the RCVE ͑Fig. 2͒. Displacement conditions were imposed on the cell boundaries: ͑i͒ zero displacement, modeling complete cell attachment to the substrate, was imposed on the basal cell aspect in contact with the rigid substrate; ͑ii͒ freeboundary conditions were assumed for the external cell surface; and ͑iii͒ zero perpendicular displacement was imposed on the cell section belonging to the plane of symmetry. Moreover, to satisfy the periodicity conditions for the RCVE, we considered that ͑i͒ boundary conditions were free for the two lateral cell sides and that ͑ii͒ only displacements tangential to the plane parallel to the plane of symmetry were allowed. All these conditions are summarized in Fig. 2 .
Nonlinear Elastic Properties of the Cell.
In the light of the nonlinear stress-strain relationships given by MTC measurements, the cellular medium was assumed to be a hyperelastic, yet homogeneous, continuum. Among the various strain-energy functions that can describe this pattern of mechanical response ͓46͔, we selected the incompressible two-parameter Yeoh strain-energy function W, used previously by Costa and Yin ͓47͔. This strainenergy function is given by the following analytical expression ͓48͔:
where a 1 and a 2 are the two material constants ͑in Pa͒ and I 1 is the first invariant of the right Cauchy-Green strain tensor C ͓I 1 ϭtrace(C)͔. A wide range of Poisson's ratio values has been found in experimental studies: Shin and Athanasiou ͓49͔ obtained a value of 0.37 for osteoblasts using a cytoindentation method and linear biphasic finite element analysis; Kamm et al. ͓50͔, Mathur et al. ͓51͔, and Mijailovich et al. ͓42͔ reported that a value of 0.49 described cytoplasm incompressibility. Therefore, in agreement with these last studies, we used a quasi-incompressible continuum material to model our homogenized cell medium.
Finite Element Solutions.
Simulations were performed under static conditions. The cell, the bead, and the contact surfaces were meshed with hyperelastic and contact elements. The mesh features ͑type and number of elements͒ can significantly affect the numerical results. To control the numerical error, we compared the computed solution to the originally derived analytical solution, under the small strains assumption, in the case of a single rotating spherical rigid bead. We considered a bead that was half-embedded ͑␣ϭ/2͒ in a semi-infinite medium and subjected to a small rotation in the plane defined by the upper surface of the medium, with no axial displacements ͑Appendix A͒. We checked that the computed values agreed within 0.6% with the corresponding theoretical values.
Values were computed ͑3 h of central processing unit ͑CPU͒ time with a Pentium 4/2.4 GHz computer͒ with two meshes, one with 16 902 elements and 25 511 nodes and the other with 4896 elements and 7543 nodes. With the maximal experimental torque of 1200 pN•m, the coarser mesh gives variations of less than 0.6% for both bead rotation and bead translation. Therefore, the finer mesh was used only for computing strain and stress. Residual nodal tolerances of 0.05 pN for force and 0.05 pN•m for torque were used to solve the finite element models.
Results
Identification of Cell Material Constants.
The main unknown in our experimental setup was the cell elasticity modulus. According to our working hypothesis, the cell elasticity modulus can be derived from the two material constants a 1 and a 2 of the Yeoh strain-energy function. This was done via least-square analysis of previously published experimental data ͓17͔, in which there was a strong nonlinear relationship between the apparent bead rotation ͑in the 21°-32°range͒ and the imposed magnetic torque ͑in the 400-1200 pN•m range͒.
However, the lack of MTC data in the linear domain ͑i.e., for bead rotations Ͻ10°͒ may hinder the determination of a 1 . We therefore took into account the data previously obtained in the linear range using optical tweezers ͓17͔; these experiments were performed on the same type of adherent cells, using silicate beads of similar diameter, the same bead coating and, therefore, the same bead-cytoskeleton attachment conditions as in our study. Using these linear range results, we were able to determine an acceptable range of values for a 1 ͑1 to 50 Pa͒. This provided a constrained parameter space within which we identified optimal a 1 and a 2 values, using our optimization procedure. A very good fit of the data was obtained for a 1 ϭ2.25 Pa and a 2 ϭ50 Pa, indicating that the nonlinear strain-stress response of the cell was well described over the entire strain range by this pair of values ͓Fig. 3͑A͔͒.
We evaluated whether the above-defined material constants were representative of the mechanical properties of cells probed by MTC, despite the heterogeneity of geometrical features in the cell population. We used the 25 individual measurements defining our bead population sample ͑Table 1͒ to simulate individual bead rotation with a 1 ϭ2.25 Pa and a 2 ϭ50 Pa. We then computed the mean curve of the 25 torque-bead rotation nonlinear response curves. The results are reported in Fig. 3͑A͒ . Agreement was excellent between the simulated response of the RCVE homogeneous model and the variation in the mean response curve. Thus, our bead population sample seemed representative of the entire cell population probed by MTC. Furthermore, our idealized cellbead RCVE hyperelastic model adequately described the cell population response.
From the a 1 and a 2 values identified above, we inferred the strain-dependent Young modulus E cell values by considering the material response to the uniaxial test ͑see Appendix B͒. The E cell variation in response to increasing and decreasing Lagrangian strain E 11 in the loading direction is shown in Fig. 3͑B͒ . The E cell increase with strain was more pronounced during compression than during extension. Interestingly, the E cell variation with E 11 was linear for large positive strains having a slope equal to 32a 2 , as anticipated from the limiting value E ϱ established from Eq. ͑B1͒ in Appendix B.
Together with the standard geometrical parameters R ϭ2.11 m, ␣ϭ66.61°, hϭ3.66 m ͑mean values in Table 1͒ , and aϭ17.9 m, the a 1 and a 2 values of the Yeoh model determined above defined a set of reference values hereafter called the Std set. In the subsequent paragraphs of this section, we present a systematic analysis of the influence of both geometrical and material parameters on the rheological cellular response to the imposed magnetic torque. Furthermore, we investigated the effect on the cellular response of a lack of cellular attachment to the substrate. Except where stated otherwise, we used the Std set values. Figures 4͑A͒ to 4͑C͒ display the deformed shapes and 3D color maps of strain components in the yz plane ͑i.e., the plane of predominant deformations͒ for a bead rotation angle of 30°. Strain values were greatest in the front and rear of the bead. Figure 4͑B͒ shows opposite signs of the strain component E zz on each side of the vertical plane containing the bead rotation axis, with compression in the front and extension in the rear of the bead. Similarly, a plane of symmetry can be seen for the shear strain component E yz , with positive shear values being greatest ͑52%͒ at the bottom of the bead ͓Fig. 4͑C͔͒. These results indicate progressive spreading of the strains in a hyperelastic medium from the cell-bead interface down to the underlying substrate. The associated effective strain field e eff , defined in Appendix B, is indicated in Fig. 4͑D͒ . These strain values were in the 0 to 1.2 range, with local peak values of 1.2 occurring in the front and rear of the bead. For a bead rotation of 30°, strain transmission within the cell was such that 15% of the peak value was reached at a depth close to the bead radius, i.e., near the cellsubstrate interface. Even for a bead rotation angle as small as 3°, the effective strain values close to the bead surface reached the significant value of 0.2, i.e., were far greater than the ϳ0.04 value that classically characterizes so-called small strains ͑data not shown͒.
Intracellular Strain Fields.
The intracellular spatial distributions of the secant elasticity modulus, derived from the ratio of Von Mises stress over effective strain e eff ͑see Appendix B͒, are shown in Fig. 5 for bead rotation values ͑5°, 10°, 20°, and 30°͒ selected in agreement with the experimental range. The increase in cell rigidity with increasing bead rotation is clearly visible: the secant modulus E s ranges from 13 to 25 Pa for a bead rotation as small as 5°͓Fig. 5͑A͔͒ and from 13 to 400 Pa for the largest bead rotation, i.e., 30°͓Fig. 5͑D͔͒.
Influence of Cell Material Parameters.
In the nonlinear Yeoh strain-energy function ͓Eq. ͑1͔͒, a 1 characterizes the initial linear part of the elastic response and a 2 mainly drives the nonlinear contribution of the elastic response. This is shown by the response curves calculated by varying either a 1 or a 2 independently, with all the other parameters kept at the Std values. Increasing a 1 induced decreases in the initial slopes of both the bead-rotation versus torque curve and the bead-translation versus torque curve ͓Figs. 6͑A͒ and 6͑B͔͒. On the other hand, increasing a 2 had no detectable effects on the initial slopes of the two curves ͓Figs. 6͑C͒ and 6͑D͔͒. Only for normalized torque values greater than 10 Pa ͑corresponding to experimental torque around 400 pN•m͒ was the effect of increasing a 2 significant. A Yeoh strainenergy function with two adjustable parameters was required for our study because we needed to represent the nonlinear response curve of the cellular medium in the large-strain domain. Indeed, with the neo-Hookean model Wϭa 1 (I 1 Ϫ3) ͑used for example by Caille et al. ͓40͔ for endothelial cells͒ the simulated torque-bead rotation and torque-bead translation curves are unsatisfactory because they have nearly linear shapes over the entire range of tested torque values ͓see Figs. 6͑C͒, 6͑D͒, and 10͑A͔͒.
Influence of Geometric Parameters
Influence of Bead Radius. In agreement with the standard deviation observed for bead diameters ͑Table 1͒, we performed a series of simulations using bead diameters ranging from 3.4 to 5 m, all other parameters being kept at their Std value. The computed values for bead rotation and translation decreased as bead "A… the normal strain E yy ; "B… the normal strain E zz ; "C… the shear strain E yz , and "D… the effective strain e eff . The Std set of parameter values was used for these simulations. diameter increased ͓Fig. 7͑A͔͒. For a normalized torque of 30.5 Pa ͑corresponding to an experimental torque of 1200 pN•m͒, 5-m beads showed about 7°less rotation than 4.22-m beads. Conversely, bead rotation generated by this torque was increased by about 15°for the smallest beads tested ͑data not shown͒. Similar effects were observed for bead translation: translation values were decreased by about 13% for larger beads and increased by about 24% for smaller beads, as compared to the values calculated with Std parameters and the same maximum torque value ͓Fig. 7͑B͔͒.
Influence of Bead Embedding.
Bead embedding had dramatic effects on the cell mechanical response, as shown in Figs. 7͑C͒ and 7͑D͒. We compared bead rotation and lateral bead translation calculated with the Std values to the simulated responses obtained with smaller ͑␣ϭ36°͒ and larger ͑␣ϭ76°͒ beadembedding half-angles, selected based on the values reported in Table 1 . These two values correspond to bead-embedding depths equal to 9.5% and 38% of the bead diameter, respectively. The associated distance h u between the bottom of the bead and the plane substrate decreased by ϳ3.2 and ϳ2 m, respectively; the larger the bead-embedding half-angle, the smaller the distance below the bead. Our computations revealed that not only the beadembedding half-angle ␣, but also h u , had a marked influence on bead displacement ͓Figs. 7͑C͒-7͑D͔͒. For the largest normalized torque value used in our experiments, i.e., 30.5 Pa, bead rotation decreased from 42°to ϳ26°when the bead-embedding half-angle ␣ increased from 56°to 76°. Concomitantly, decreasing h u values increased the influence of cell adhesion. Thus, effects on lateral bead translation were larger with a normalized torque value of 30.5 Pa, bead translation decreased by 50%, from 1.2 to 0.6 m ͓data partially shown in Fig. 7͑D͔͒ when ␣ increased from 56°to 76°. Interestingly, with the smaller ␣ values tested ͑i.e., 36°͒, the rotation-torque and translation-torque relationships were only slightly nonlinear, as compared to the marked nonlinearity predicted with large ␣ values. 
Influence of Cell Thickness.
Nonlinear variation in the cell response as a function of h u can be more precisely evidenced by studying changes in cell thickness h, keeping all other parameters at their Std values. Such changes might correspond to flatter pseudopodial areas of the cell, on the top of which ferromagnetic beads can be inserted. When cell thickness increased, bead rotation increased markedly: for a normalized torque of 30.5 Pa ͑i.e., a torque of 1200 pN•m͒, increasing the cell thickness from 3.66 m ͑the Std value͒ to 10 m was associated with an increase of about 34% in bead rotation and an increase of about 67% in bead translation, as compared to the Std values. Conversely, decreasing cell thickness from 3.66 m ͑the Std value͒ to 1.5 m resulted in an increase of about 56% in bead rotation and an increase of about 55% in bead translation ͓Figs. 7͑E͒ and 7͑F͔͒. Again, these results demonstrate the influence of cell-substrate adhesion, which became more marked when the distance h u below the bead diminished. Finally, the RCVE width a ͑representing the mean cell width͒ had no significant influence on the cell mechanical response ͑data not shown͒.
Influence of Cell-Substrate Adhesion Area.
To analyze the effect of cell adhesion to the substrate, we simulated the cell response in two schematic situations corresponding to modifications in the pattern of cell-substrate adhesion. In the first case ͑adhesion pattern PF1͒, absence of cell adhesion was simulated in a corridor located below the bead and perpendicular to the bead rotation axis. Conversely, the second case ͑adhesion pattern PF2͒ simulated absence of adhesion in a corridor parallel to the bead rotation axis ͑Fig. 8͒. With both adhesion patterns, the corridor width was about 2 bead diameters. In both situations, the simulated bead rotation induced a localized lift of the basal region of the cell ͑Fig. 8, left column͒. However, the simulated mechanical response varied with the adhesion pattern ͑Fig. 8, right column͒. Compared to the control condition ͑Std values and complete cell adhesion͒, the PF1 and PF2 adhesion patterns were associated with greater bead rotation. Bead translation was greater with the PF1 adhesion pattern but slightly smaller with the PF2 adhesion pattern. Moreover, the decrease in cell adhesion surface in the vicinity of the bead had greater effects when the absence of cell adhesion was oriented in the direction of bead translation. As compared to the simulation with the PF1 adhesion pattern, spreading of the strained area was more pronounced at the rear of the bead in the PF2 simulation ͑Fig. 8, left column͒.
Discussion
Constitutive stress-strain relationships determined in a population of adherent alveolar epithelial cells by means of projected bead moment-magnetic twisting cytometry ͑PBM-MTC͒ were analyzed using a three-dimensional finite element model representing an elementary cell-bead structure inserted into a mechanical environment resembling that of the cell culture. Because the bead deviations ͑Ͼ15°͒ found experimentally in our alveolar epithelial cells corresponded to large intracellular strains, the model developed in this study was designed to include nonlinear elastic deformations. Thus, our analysis differs from most of the previous models, which described only the linear range of deformation ͓17,42͔. Importantly, within the lower range of applied mechanical torque, all displacement-torque curves fell into a single line corresponding to the linear component of the material, indicating that the nonlinear coefficient a 2 of the cellular material had no effect in the low torque range. Using nonlinear elasticity to describe cellular behavior may seem to contradict previous conclusions, because the contribution of heterogeneity to bead rotation in PBM-MTC experiments introduces some measure of spurious nonlinearity to the ''bead rotation-magnetic torque'' relationship, and linearity of the cellular response seems demonstrated by the optical MTC measurements of single-bead displacement reported by 52͔ . However, according to the simulations performed with the present finite element model, neither hetero- geneity in bead rotation nor geometrical nonlinearity ͑also included in the continuous model͒ were sufficient to explain the experimental nonlinearity found in our cells. Another important finding from our simulations is the generalization of the major role played by bead-embedding half-angles ͑especially small angles͒ in the constitutive bead rotation-magnetic torque relationships and its nonlinearity. Thus, bead-embedding half-angles exerted a major influence on both the calibration coefficient ͑through the correcting factor 1/sin 3 ␣ proposed by Laurent et al. ͓17͔ and validated in the present study against numerical linear elastic results in Fig. 9͒ and the nonlinearity of the bead rotation-torque relationship. Smaller bead-embedding half-angles were associated with less nonlinearity of the predicted ''rotation/translationtorque'' relationship ͓Figs. 7͑C͒ and 7͑D͔͒. Whereas bead radius had a limited effect on the constitutive displacement-force relationships ͓Figs. 7͑A͒ and 7͑B͔͒ decreasing cell thickness below the bead was associated with greater nonlinearity of the displacement-torque relationship ͓Figs. 7͑E͒ and 7͑F͔͒.
Contribution of Geometrical Heterogeneity to Nonlinear Cell Behavior Assessed by PBM-MTC.
One reason for challenging the nonlinearity assumption when using PBM-MTC is that heterogeneity in bead rotation considered over the entire population of beads (ϳ10 5 ) and cells (ϳ5ϫ10 4 ) introduces spurious nonlinearity in the estimated ''averaged'' bead rotation *. This is due to the nonlinearity of the arc cosine function such that beads rotating over a large angle have a far greater weight than beads rotating over a small angle. The size of the spurious nonlinearity is unclear but is clearly greater in the low torque range because the weight of unattached rotating beads is higher in case of smaller mean bead rotation angle ͑see Fig. 5 in Fabry et al. ͓22͔͒. To investigate spurious nonlinearity arising from unattached rotating beads, we performed additional experiments in which we estimated the impact of unattached beads on PBM-MTC measurements. This impact was negligible ͑see Methods͒.
Based on 3D reconstructions of actin structure, geometrical heterogeneity was estimated over 25 beads in terms of the half-angle Fig. 7 Influence of the geometrical parameters R "A…, "B…, ␣ "C…, "D…, and h "E…, "F… on the bead rotation amplitude and on the associated normalized translation ⌬ y *Ä⌬ y ÕR. The response curves simulated with the Std set of parameter values is given in each case as the reference "Std curves…. In each simulation, except for the parameter under study, the parameter values were those of the Std set.
of bead immersion and the distance below the bead ͑see Table 1͒ . Although the numbers of tested beads and cells were limited, the range of half-angle of bead immersion found in our sample of 25 randomly selected beads was sufficiently large to be representative of the affinity of the A549 cell type for RGD-coated beads, i.e., 36.2°to 86.2°. To quantify the nonlinear effects introduced by the arc cosine function, we assumed a quasi-incompressible neoHookean cell medium, and we computed the apparent angle of rotation Figure  10͑B͒ shows that the nonlinearity of the *-torque relationship introduced by the arc cosine function explained only a small part of the nonlinearity of the PBM-MTC data obtained from epithelial cells. It should be pointed out, however, that PBM-MTC measurement of bead rotation angles smoothes the geometrical heterogeneity, because measuring the magnetic moment of thousands of beads intrinsically results in homogenization.
We also investigated the effects of geometrical nonlinearity. Bead rotation and bead translation for a neo-Hookean strainenergy function Wϭa 1 (I 1 Ϫ3) were simulated with increasing values of a 1 . The simulated torque-bead rotation and torquebead translation response curves remained virtually linear, indicating that our experimental data could not be fitted with a single even adjustable material parameter ͓Figs. 6͑C͒ and 6͑D͒ and Fig.  10͑A͔͒ . Moreover, this linearity was preserved at all values of the geometrical parameters R, ␣, and h, at least for bead rotations of less than 35°.
Interestingly, for small ␣ values the nonlinearity is not apparent: indeed, nonlinearity of the response curves is visible when bead rotation exceeds 40°͓see Fig. 7͑C͔͒ . This ␣-dependency of the shape of rotation-torque relationships may contribute to explain why nonlinearity is minimized in OMTC experiments using small bead-embedding half-angles, i.e., shallowly embedded beads such as HASM cells, while PBM-MTC measurements were mainly performed on cells with large bead-embedding half-angles.
Again assuming a nonlinear cellular material, we used the model to simulate the effect of an increase in bead-cell contact area due to bead rotation. The results showed that this effect could not be neglected for large rotation amplitudes. In the situation that maximizes contact effects, i.e., for the smallest values of the estimated bead-embedding half-angle ␣ ͑36.2°in the first 35°-40°g roup in Table 1͒ and with the largest measured bead radius R ͑3.25 m͒, we found a steady increase in relative torque error ͑10% error for 15°bead rotation and 32% error for 30°bead rotation͒.
Comparison Across Magnetic Twisting Cytometry
Methods. Since the linearity assumption is controversial because PBM-MTC and Optical MTC ͑OMTC͒ studies lead to contradictory conclusions in terms of cellular linearity, it is instructive to compare the range of bead displacements ͑and applied magnetic torques͒ across studies. In PBM-MTC studies, the range of bead displacement ͑586 -1373 nm, corresponding to 15°-35°r ange of bead rotation in the present study͒ was greater than that in OMTC studies ͑3-259 nm, corresponding to deviation angles below 6.6°(ϭϳ⌬ y /R) in Fabry et al. ͓24, 23, 52͔ . Thus, intracellular deformations observed in OMTC studies are more likely to be in the linear range than those obtained in PBM-MTC studies. This cannot be ascribed to the use of a smaller range of mechanical torque in PBM-MTC studies. On the contrary, the range of magnetic torque per unit of bead volume used in OMTC studies ͑1.8 -130 Pa, corresponding to a torque range of 86 -6224 pN•m͒ was far broader than the range used in the present PBM-MTC study ͑13-38 Pa, corresponding to 624 -1824 pN•m of initial torque and 400-1200 pN•m at bead equilibrium͒. Therefore, the differences in intracellular deformations across studies are chiefly ascribable to differences in cell type: HASM cells, classically used in OMTC studies, are less deformable than epithelial cells, the cell type used in the present PBM-MTC studies, probably as a result of differences in the acto-myosin apparatus. Thus, epithelial cells are more likely than HASM cells to exhibit nonlinear material behavior.
Additional insight into the transition from linear to nonlinear behavior of adherent cells was provided by a study comparing optical tweezers ͑OT͒ to PBM-MTC ͓17͔. The range of bead displacement obtained with PBM-MTC started at the value ͑about 500 nm͒ where the OT range ended. In common with OMTC, the OT method is a single-bead method that provides a measure of overall bead displacement ͑and therefore of intracellular deformation͒ supposedly unaffected by heterogeneity in bead behavior. With OT, the displacement-force relationship was found to be linear for every alveolar epithelial cell tested, and the maximum bead displacement was about 500 nm ͑see Fig. 8 and Fig. 11 in Laurent et al. ͓17͔͒ . Importantly, this linear range is perfectly consistent with the results of OMTC studies. Indeed, Fabry et al. ͓52͔ reported that nonlinearity of cell material was not observed for bead displacements below 500 nm, while harmonics became evident for greater displacements, confirming that 500 nm of intracellular displacement was a critical value for the transition between linear and nonlinear cell behavior. These results strongly suggest that PBM-MTC and OMTC studies are complementary rather than contradictory. In keeping with this hypothesis, when Maksym et al. ͓53͔ used oscillatory PBM-MTC to investigate HASM cells, they found intracellular displacements within the linear range, as bead rotation did not exceed 5°due to the low torque values used ͑275 pN•m͒.
Another major source of discrepancy between our PBM-MTC studies and OMTC studies is the dependency of the beadembedding half-angle ␣ on the cell type used. This angle may be significantly smaller in HASM cells than in epithelial ͑or endothelial͒ cells, presumably because phagocytosis differs considerably between these two cell types. The dependency of ␣ on cell type is visible clearly in Fig. 2 
Biological Relevance of the Present
Results. First, it should be noted that bead-cell linkage conditions remain unchanged throughout the nonlinear cellular response to increasing stress. Our analysis of the strength of receptor-ligand bonds, performed in the nonlinear elastic domain and with the concentration of RGD indicated in Methods, supports the early experimental results showing that beads remain firmly attached to the cell cytoskeleton ͑Wang et al. ͓12͔͒. Indeed, the maximum stresses calculated along the O z and O y axes for a bead rotation of 30°͑Std set͒ were 87.5 and 330 Pa, respectively, at the bead-cell interface, where maximum stretching occurred. Data from Mijailovich et al. ͓42͔ suggest a receptor-ligand bond density close to 10 4 bonds/m 2 , from which the receptor-ligand bond strength can be calculated as ranging from 8.7•10 Ϫ3 to 33•10 Ϫ3 pN. These values are far lower than those usually believed to result in bead detachment, i.e., about 10 pN ͓8,42͔, indicating that bead detachment probably does not occur.
The cell mechanical response clearly depends on bead/cell geometrical parameters, as well as on cell adhesion patterns. Changes in cell thickness, as occurs with lamellipod formation, lead to dramatic variations in the estimated secant cell elasticity modulus. This effect of cell thickness has also been reported for osteoblasts probed by atomic force microscopy ͓41͔. Our model indicates that the distance h u between the bottom of the bead and the basal cell aspect strongly influences the estimated cell secant elastic modulus. Thus, with small h u values, the cell nonlinear response should become highly sensitive to the zero-displacement boundary conditions imposed by cell adhesion at the interface with the underlying substrate. The effect of cell adhesion should increase when h u is smaller than half the bead diameter ͓Figs. 7͑D͒ and 7͑E͔͒. These predictions were confirmed recently by cell rigidity measurements performed using PBM-MTC and cells plated on various extracellular matrix substrates and probed at various cell spreading states ͓54͔. In these experiments, maximum cell thickness decreased by about half ͑from 22 to 9 m͒ between day 1 and day 4 of culture, whereas cell rigidity almost doubled ͓54͔. These experimental results are consistent with predictions from our model: a decrease in cell thickness from the Std value hϭ3.66 m to h ϭ1.5 m led to decrease of about 56% in bead rotation, indicating an equivalent increase in cell rigidity ͓Fig. 7͑E͔͒.
More importantly, the dependency of the cell Young modulus (E cell ) on Lagrangian strain ͓Fig. 3͑B͔͒ provides a quantitative basis for understanding the reported discrepancies among values of cell elastic moduli obtained from different experimental setups ͓53͔. Indeed, the E cell -strain ͑%͒ curve shown in Fig. 3͑B͒ is asymmetrical, the cell rigidity increase being greater during compression than during extension. The secant elasticity modulus values are highly dependent on both mechanical loading and local strains ͑Fig. 5͒. When values obtained near the bead-cell interface are considered representative, the secant elasticity modulus varies roughly from 20 to 70 Pa when bead rotation increases from 5°to 15°and from 70 to 300 Pa when bead rotation increases from 15°t o 30°͑data partially shown in Fig. 5͒ . These ranges of variation correspond to Young modulus ranges of 40 to 140 Pa and of 140 to 600 Pa, respectively ͑see Appendix B͒. Importantly, the value obtained at 600 Pa delineates regions in the rigidity-strain diagram corresponding to different micromanipulation techniques that were pooled by Maksym et al. ͑see Fig. 12 in Ref.
͓53͔͒.
Values obtained with atomic force microscopy ͑i.e., with a compressive load͒ are greater than 600 Pa, whereas values obtained with MTC ͑i.e., mainly under shearing conditions͒ are lower than 600 Pa. Pooled MTC values range from 2 to 150 Pa ͓53͔, which is in good agreement with our above-reported Young modulus values for bead rotations smaller than about 15°.
Given the relevance of MTC for investigating mechanotransduction pathways within the cell ͓9,55-60͔, on the whole, present work sheds new light on the effects of heterogeneity in intracellular stress and strain distribution on the cell response.
where and are the stress and strain tensors, I is the identity matrix, p is the Lagrange multiplier resulting from the incompressibility of the material ͓46͔, and is the material shear modulus, related to the Young modulus E cell by the relationship E cell ϭ3.
Moreover, the linearized material incompressibility constraint is given by
where u is the unknown displacement vector. When gravity and inertial forces are neglected, the condition for local equilibrium is ٌ•͓͔ϭ0 or, in terms of the displacement vector
The displacement field u must satisfy the following boundary conditions: ͑i͒ a small bead rotation with no translation is imposed on the bead; ͑ii͒ zero displacement is imposed on the lower external surface rϭR e ; and ͑iii͒ the upper surface ⌰ϭ/2 is a free boundary. These three conditions are expressed, respectively, as u͑r,⌰, ͒ϭr sin͑⌰ ͒e at rϭR (A4) u͑r,⌰, ͒ϭ0 at rϭR e (A5)
͓͔e ⌰ ϭ0 at ⌰ϭ/2 (A6)
The displacement field can be found by using the variable separation method and by looking for a u vector solution of the form u͑r,⌰, ͒ϭr sin͑⌰ ͒w͑ r ͒e
where w(r) becomes the unknown function of the problem. For a solution field u that satisfies Eqs. ͑A2͒ to ͑A6͒, the w(r) function is w͑r ͒ϭ R 
In the special case of a rigid bead immersed in an infinite medium, the torque-bead rotation relation is obtained from the limit T ϱ ϭlim R e →ϱ T and is given by
where V is the bead volume.
